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(57) Abstract 

Calibrated systems and methods locate a roving structure inside 
a body region. An electric field is established inside the body region 
between an electrical energy transmitting electrode and an electrical 
reference. A navigational output is derived for the roving structure 
based upon a function, which expresses a relationship between an 
electrical characteristic sensed at the roving structure and distance 
between the roving structure and the electrical energy transmitting 
electrode. First and second electrodes, spaced apart a known distance, 
are present in the electric field. The function is adjusted by comparing 
the known distance to at least one derived navigation output, which is 
derived, based upon the function, by sensing an electrical characteristic 
at the first and second electrodes. 




FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AM 

AT 

AU 

AZ 

BA 

BB 

BE 

BF 

BG 

BJ 

BR 

BY 

CA 

CF 

CG 

Cll 

CI 

CM 

CN 

CU 

cz 

DE 
DK 



Albania 

Armenia 

Austria 

Australia 

Azerbaijan 

Bosnia and Herzegovina 

Barbados 

Belgium 

Burkina Faso 



Benin 
Brazil 
Belarus 
Canada 

Central African Republic 

Congo 

Switzerland 

Cdte d'lvoirc 

Cameroon 

China 

Cuba 

Czech Republic 
Germany 
Denmark 
Estonia 



ES 


Spain 


IS 


Lesotho 


SI 


FI 


Finland 


LT 


Lithuania 


SK 


FR 


France 


LU 


Luxembourg 


SN 


GA 


Gabon 


LV 


Latvia 


sz 


GB 


United Kingdom 


MC 


Monaco 


TD 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


GH 


Ghana 


MG 


Madagascar 


TJ 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


GR 


Greece 




Republic of Macedonia 


TR 


HU 


Hungary 


ML 


Mali 


TT 


IE 


Ireland 


MN 


Mongolia 


UA 


IL 


Israel 


MR 


Mauritania 


UG 


IS 


Iceland 


MW 


Malawi 


US 


IT 


Italy 


MX 


Mexico 


uz 


JP 


Japan 


NE 


Niger 


VN 


KE 


Kenya 


NL 


Netherlands 


YU 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


KP 


Democratic People's 


NZ 


New 7>aiand 






Republic of Korea 


PL 


Poland 




KR 


Republic of Korea 


PT 


Portugal 




KZ 


Kazakstan 


RO 


Romania 




LC 


Saint Lucia 


RU 


Russian Federation 




LI 


Liechtenstein 


SD 


Sudan 




LK 


Sri Lanka 


SE 


Sweden 




LR 


Liberia 


SG 


Singapore 





Slovenia 

Slovakia 

Senegal 

Swaziland 

Chad 

Togo 

Tajikistan 

Turkmenistan 

Turkey 

Trinidad and Tobago 

Ukraine 

Uganda 

United Stales of America 

Uzbekistan 

Viet Nam 

Yugoslavia 

Zimbabwe 



WO 99/52430 PCT/US99/07679 

- 1 - 

SELF-CALIBRATING SYSTEMS AND METHODS FOR LOCATING AND GUIDING OPERATIVE ELEMENTS WITHIN 
THE INTERIOR OF LIVING BODIES 



5 FIELD OF THE INVENTION 

The invention generally relates to systems 
and methods for guiding or locating diagnostic or 
therapeutic elements in interior regions of the body. 
BACKGROUND OF THE INVENTION 

10 Physicians make use of catheters today in 

medical procedures to gain access into interior 
regions of the body for diagnostic and therapeutic 
purposes. It is important for the physician to be 
able to reliably and precisely position in proximity 

15 to desired tissue locations. 
SUMMARY OF THE INVENTION 

The invention provides calibrated systems 
and methods for locating a roving structure inside a 
body region by use of an electric field established 

20 inside the body region between an electrical energy 
transmitting electrode and an electrical reference. 
The systems and methods derive a navigational output 
for the roving structure based upon a function, which 
expresses a relationship between an electrical 

25 characteristic sensed at the roving structure and 
distance between the roving structure and the 
electrical energy transmitting electrode. The systems 
and methods place in the electric field first and 
second electrodes, which are spaced apart by a known 

30 distance. The systems and methods adjust the 
function by comparing the known distance to at least 
one derived navigation output derived, based upon the 
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function, by sensing an electrical characteristic at 
the first and second electrodes. m one embodiment, 
one of the first and second electrodes comprises the 
electrical energy transmitting electrode. 

In one embodiment, the roving structure 
carries the first and second electrodes. In an 
alternative embodiment, a navigation structure, 
separate from the roving structure, carries the first 
and second electrodes. 

In one embodiment, the systems and methods 
provide a code, which identifies the known distance, 
in this embodiment, the systems and methods upload 
the code for use in calibration. 

In one embodiment, the systems and methods 
sense an electrical characteristic at the first 
electrode at one point in time and sense an 
electrical characteristic at the second electrode at 
a different point in time. 

In one embodiment, the function on which the 
navigation output is based includes a coefficient. 
The systems and methods adjust the coefficient based 
upon a comparison of the derived navigation output 
and the known distance, e.g., to minimize variance 
between the derived navigation output and the known 
distance, or to optimize the coefficient. 

Other features and advantages of the 
inventions are set forth in the following Description 
and Drawings, as well as in the appended Claims. 
BRIEF DESCRIPTION OF THE DRAWTwnc 

Fig. 1 is a schematic view of a navigation 
unit, which generates a navigation output to assess 
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and track the position of an instrument deployed 
within a targeted body region;- 

Fig. 2 is a schematic view of the navigation 
and calibration functions of the navigation unit 
5 shown in Fig. 1; 

Fig. 3 is a schematic view of the navigation 
algorithm, which provides a navigation output 
indicating proximity of a deployed instrument to a 
navigation electrode located in the targeted body 
10 region; 

Fig. 4 is a schematic view of the deployment 
of multiple navigation reference probes in a targeted 
body region to assess and track the position of an 
instrument deployed in the region; and 
15 Fig. 5 is a schematic view of a graphical 

user interface (GUI) , which can be used to present 
the navigation output of the navigation unit shown in 
Fig. 1. 

The invention may be embodied in several 
20 forms without departing from its spirit or essential 
characteristics. The scope of the invention is 
defined in the appended claims, rather than in the 
specific description preceding them. All embodiments 
that fall within the meaning and range of equivalency 
25 of the claims are therefore intended to be embraced 
by the claims. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 shows a system 10 for diagnosing, 
treating or otherwise administering health care to a 
30 targeted tissue region in a patient. 

The system 10 is well adapted for use inside 
body lumens, chambers or cavities for either 
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10 



15 



diagnostic or therapeutic purposes. For this reason, 
the system 10 will be described in the context of its 
use within a living body. 

The system 10 also lends itself to catheter-based 
procedures, where access to the interior body region 
is obtained, for example, through the vascular system 
or alimentary canal, without complex, invasive 
surgical procedures. For example, the system 10 can 
be used during the diagnosis and treatment of 
arrhythmia conditions within the heart, such as 
ventricular tachycardia or atrial fibrillation. The 
system 10 also can be used during the diagnosis or 
treatment of intravascular ailments, in association, 
for example, with angioplasty or atherectomy 
techniques. The system 10 also can be used during 
the diagnosis or treatment of ailments in the 
gastrointestinal tract, the prostrate, brain, gall 
bladder, uterus, liver, and other regions of the 
body . 

20 A. THE ROVING OPERATIVE ELEMENT 

The system 10 includes a diagnostic or 
therapeutic instrument 14. The instrument 14 carries 
an operative element 16 usable for a diagnostic or 
therapeutic purpose in the targeted tissue region 12. 
25 The operative element 16 can, for example, 

comprise a device for imaging body tissue, such as an 
ultrasound transducer, or an array of ultrasound 
transducers, or an optic fiber element, or a CT or 
MRI scanner. Alternatively, the operative element 16 
can comprise a device, e.g., a needle or cannula, to 
deliver a drug or therapeutic material to body 
tissue, still alternatively, the operative element 16 
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can comprise a device, e.g., an electrode, for 
sensing a physiological characteristic in tissue, 
such as electrical activity in heart or nerve tissue, 
or for transmitting energy to stimulate or ablate 
5 tissue. 

When deployed in the body, the operative element 
16 is intended to be mobile and capable of roving 
about the targeted tissue region 12 under the 
direction of the physician. For this reason, the 
10 element 16 will also sometimes be called a u roving 
instrument . " 

For roving deployment in the targeted tissue 
region 12, the operative element 16 is preferably 
carried at. the distal end of a catheter tube 18. 

15 Nevertheless, it should be appreciated that the 
system 10 can also be used in association with 
systems and methods that are not necessarily 
catheter-based, e.g., laser delivery devices, 
atherectomy devices , transmyocardial 

20 revascularization (TMR) , percutaneous myocardial 
revascularization (PMR) , or hand held surgical tools. 
B. THE NAVIGATION UNIT 

The system 10 also includes a navigation unit 20. 
The navigation unit 20 monitors the position and 
25 tracks the movement of the roving operative element 
16 in the targeted tissue region 12. 
(1) The Locating Probe 
The navigation unit 20 includes a navigation 
reference probe 22. In the illustrated embodiment, 
30 the navigation reference probe 22 takes the form of 
an elongated array of navigation electrodes NE(i), 
where i = 1 to n, and where NE(1) denotes the most 
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distal navigation electrode and NE(n) denotes the 
most proximal electrode. in the illustrated 

embodiment, n = 5. 

In the illustrated embodiment, the navigation 
electrodes NE (i) take the form of conventional rings 
of electrically conductive material (e.g., copper 
alloy, platinum, or stainless steel), arranged in a 
spaced apart, segmented relationship about a sleeve 
of electrically insulating material. Alternatively, 
the navigation electrodes NE (i) can be coated upon 
the sleeve using conventional coating techniques or 
an ion beam assisted deposition (IBAD) process, or 
comprise spaced apart lengths of wound, spiral coils 
made of electrically conducting material. 
15 The reference probe 22 can assume different 

shapes. For example, the probe 22 can comprise a 
three dimensional array of electrodes, which assume a 
basket-like shape, like the CONSTELLATION® Catheter 
sold by EP Technologies, Inc. 

Regardless of its particular construction, the 
spacing among the electrodes NE (i) on the probe 22 is 
set during manufacture. Preferably, the spacing 
values for the navigation reference probe 22 are 
accessible to the navigation unit, to enable self- 
calibration, as will be described in greater detail 
ldter. 

In the illustrated embodiment, the navigation 
reference probe 22 is carried at the distal end of a 
catheter tube 24 for deployment within the targeted 
tissue region 12 through the vasculature. The 
navigation reference probe 22 can be placed at or 
near known anatomic regions within the region 12, 
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using, for example, fluoroscopy or another imaging 
technology, such as ultrasound. The reference probe 
22 may also be positioned in contact with tissue or a 
vascular region surrounding the region 12 . The 
5 reference probe 22 may also be positioned in contact 
with skin on the exterior of the patient's body. As 
will be described in greater detail later, more than 
one reference probe 22 may be located in or about the 
region 12 to provide multi -planar navigation points, 

10 making triangulation possible. 

The navigation unit 20 also includes an array of 
roving electrodes RE ( j ) on the instrument 14, where j 
= 2 to m, and where RE(1) denotes the most distal 
roving electrode and RE (m) denotes the most proximal 

15 roving electrode. In the illustrated embodiment, m - 
4. 

In the illustrated embodiment, the most distal 
roving electrode RE(1) is designated the main marker 
electrode for navigation purposes, as will be 

20 described in greater detail later. The remaining 
roving electrodes RE (2) to RE (4) on the instrument 14 
comprise calibration electrodes. As will be 

described later, the calibration electrodes RE (2) to 
RE (4) are used to optimize the operation of the 

25 navigation unit 2 0 based upon the physical and 
electrical properties of the marker electrode RE(1), 
as well as the morphology of the targeted body region 
12. 

It should be appreciated that any given roving 
30 electrode RE ( j ) may serve either as the main marker 
electrode or as a calibration electrode. In this 
respect, the main marker electrode need not be the 
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distal most roving electrode, but can be any 
electrode carried by the instrument 14. 

The spacing among the roving electrodes RE ( j ) is 
set during manufacture. The spacing values are 
5 accessible to the navigation unit 20, which applies 
- them during calibration, as will be described later. 

The roving electrodes RE ( j ) may be components 
added to the instrument 14 strictly for navigational 
purposes. Alternatively, the roving electrodes RE ( j ) 
10 may comprise components used by the instrument 14 for 
purposes in addition to navigation. 

In the illustrated embodiment, the roving 
electrodes RE(j), like navigation electrodes NE(i), 
take the form of conventional rings of electrically 
15 conductive material (e.g., copper alloy, platinum, or 
stainless steel), arranged in a spaced apart, 
segmented relationship about a sleeve of electrically 
insulating material. Alternatively, like the 
navigation electrodes NE(i), the roving electrodes 
20 RE(j) can be coated upon the sleeve using 
conventional coating techniques or an ion beam 
assisted deposition (IBAD) process, or comprise 
spaced apart lengths of wound, spiral coils made of 
electrically conducting material. 
25 (2) The Signal Processing Element 

Still referring to Fig. 1, the navigation unit 22 
includes a signal processing element 26. The 
processing element 26 includes an oscillator 28, 
which is coupled to a host processor 30 by a control 
30 bus 32. The host processor 30 conditions the 
oscillator 28 to generate an AC wave form at a 
predetermined amplitude and frequency. 



WO 99/52430 



PCT/US99/07679 



.The signal processing element 26 also includes a 
first electronic switch element or multiplexer 34. An 
address bus 3 6 couples the host processor 30 to the 
first electronic switch element 34, which is, in 
5 turn, coupled to each navigation electrode NE(i) and 
to each roving electrode RE ( j ) . By commanding the 
switch element 34, the host processor 30 can 
distribute the AC output of the oscillator 28 in a 
prescribed fashion to either one or more navigation 
10 electrodes NE(i) or to one or more roving electrodes 
RE(j) . 

The signal processing element 26 also includes a 
data acquisition module 38. The data acquisition 
module 38 includes' a differential amplifier 40, which 

15 is coupled via a second electronic switch element or 
multiplexer 42 to each navigation electrode NE(i) and 
each roving * electrode RE ( j ) . The host processor 30 
conditions the second switch element 42 via a second 
address bus 44 to couple a selected roving electrode 

20 RE (i) or a selected navigation electrode NE(i) to 
either the inverting (-) input or noninverting (+) 
input of the differential amplifier 40. 

The output of the amplifier 4 0 is a differential 
AC voltage signal 46, which is communicated to the 

25 host processor 3 0 for processing, as will be 
described later. 

In this arrangement, the signal processing 
element 26 can couple the oscillator 28 to any 
navigation electrode NE(i) or any roving electrode 

30 RE ( j ) to transmit energy. The signal processing 
element 2 6 can also sense an electrical potential at 
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any navigation electrode NE (i) or any roving 
electrode RE ( j ) . 

In the illustrated embodiment (see Fig. l) , the 
data acquisition module 38 also includes 
synchronized rectifier 48 and a peak detector 50. 
The rectifier 48 receives the AC signal voltage 
output of the amplifier 40 and senses its phase 
relative to the phase at the output of the oscillator 
28. The detector 50 determines the peak amplitude of 
the AC voltage signal output of the amplifier 40. 

The output of the detector 50 is an analog signal 
52 having a value corresponding to the peak amplitude 
of the AC output of the amplifier 40, and a sign (+ 
or -) denoting whether the AC voltage output is in 
phase with the oscillator 28 (+) or out of phase with 
the oscillator 28 (-) . 

The data acquisition module 38 registers this 
analog signal 52 in association with the electrodes 
then-coupled to the amplifier 40 in a sample and hold 
20 element 54. An analog to digital converter 56 
converts the analog signals 52 to digital phase and 
peak amplitude signals 88 for processing by the host 
processor. 

A suitable control bus 58 couples the components 
of the data acquisition module 3 6 to the host 
processor 30 for coordination and control functions. 
The host processor 30, e.g., sets the sampling rate 
of the sample and hold element 54, the input range of 
the converter 56, and the amplification of the 
30 amplifier 40. 

a. The Navigation Mode 
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In the illustrated embodiment (Fig. 1) , the host 
processor 3 0 is capable of operation in a navigation 
mode. In this mode, the host processor 30 conditions 
the oscillator 28 to generate an electrical 
5 alternating current (AC) waveform at a predetermined 
amplitude and frequency. 

For use within a living body space, the selected 
current amplitude of the oscillator 28 output can 
vary between 0.1 mAmp to about 5 mAmp. The frequency 

10 selected can also vary from about 5 kHz to about 100 
kHz. Currents substantially above about 5 mAmp and 
frequencies substantially below 5 kHz should be 
avoided when heart tissue is nearby, as they pose the 
danger of inducing fibrillation. The maximum current 

15 that can be used while avoiding fibrillation is a 
function of the frequency, as expressed in the 

I = fxl0 

following equation: 

where I is current in j^Amp (RMS) , and f is 
frequency in kHz. 

20 The shape of the waveform can also vary. In the 

illustrated and preferred embodiment, the waveform is 
sinusoidal. However, square wave shapes or pulses 
can also be used, although harmonics may be 
encountered if capacitive coupling is present. 

25 Furthermore, the waveform need not be continuous. 
The oscillator 28 may generate pulsed waveforms. 

The host processor 3 0 commands the first switch 
element 34 to transmit the electrical waveform 
supplied by the oscillator 28 through a selected one 

30 or more navigation electrodes NE(i). An indifferent 
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electrode 60, e.g., carried as a patch on the 
exterior of the patient, comprises the voltage 
return, which is, in turn, coupled to an electrical 
reference 62. In the illustrated embodiment, the 
5 electrical reference 62 is isolated or patient 
ground, although other references can be used. 
Alternatively, a navigation electrode NE(i) not 
serving to transmit the electrical waveform can serve 
as the voltage return. 
10 The transmission of electrical energy from the 

transmitting navigation electrode NE(i) to the 
indifferent electrode 60 establishes a voltage field 
64. The voltage field 64 extends from the 
transmitting electrode into the targeted tissue 
15 region 12. The field 64 surrounds the roving 
instrument 14 present within the region 12 . 

The host processor 30 conditions the data 
acquisition module 38 to sense local voltages within 
the field 64 between the transmitting navigation 
20 electrode or electrodes and the marker electrode 
RE(1). For example, in a preferred embodiment, the 
data acquisition module 38 senses voltage amplitudes 
at the transmitting electrode NE(i) and marker 
electrode RE ( j ) . 
25 The data acquisition module 38 can also be 

conditioned to sense other electrical characteristics 
in the field 64 in addition to voltage amplitudes. 
For example, using the rectifier 4 8 and detector 50, 
the data acquisition module 38 can acquire spacial 
30 variations in phase or spacial variations in waveform 
within the field. The data acquisition module 38 can 
also acquire variations in impedances between the 
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transmitting navigation electrode NE(i) and the 
market electrode RE(1). 

The host processor 30 inputs the electrical field 
data signals 46 and 88 into a prescribed navigation 
5 algorithm 66, which resides on the host processor 30. 
The algorithm 66 includes prescribed functions 68, 
which processes sensed electrical field data- based 
upon empirically derived mathematical coefficients 
and weighing factors to generate a navigation output 

10 70. The navigation output 70 indicates the position 
of the marker electrode RE(1) relative to one or more 
navigation electrodes NE(i) . The navigation output 
70 thereby provides an instantaneous indication of 
the position of the roving instrument 14 and, over 

15 time, also tracks the movement of the roving 
instrument 14 within the targeted tissue region 12. 

In the ; illustrated embodiment (Fig. 1), the 
navigation unit 20 includes a display device 90 
(e.g., a CRT, LED display, or a printer). The device 

20 90' presents, the navigation output 70 in a visual 
format useful to the physician for remotely locating 
and guiding the instrument 14 within the targeted 
tissue region 12, Further details of the display 
device 90 will be described later. 

25 The technique for acquiring and processing sensed 

electrical field data can vary. In a preferred 
embodiment (see Fig. 2) , the algorithm 66 processes 
the local amplitude values 46 of the voltage field 
sensed by the main marker electrode RE(1) . The local 

30 voltage amplitude values vary based upon a 
determinable voltage-to-distance ' function 72, as the 
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distance between the sensing electrode RE(j) and the 
transmitting electrode NE(i) varies. 

To acquire voltage amplitude data, the data 
acquisition module 38 conditions the navigation 
electrode NE(i) that is currently transmitting the 
electrical field (which will also be called the 
"transmitting electrode") to itself sense a local 
voltage amplitude, or V ma} . The data acquisition 
module 38 also conditions the main marker electrode 
RE (Don the operative element to sense a local 
voltage amplitude, or V RE(1 ), at the same time V m(i) is 
sensed by the transmitting electrode NE(i). Vrs ( i, is 
acquired in association with each VuE (i) . 

Based upon this input, the navigation algorithm 
66 derives a normalized detected voltage value, 
designated V H(1 , i)( for each acquired Vreu, and Vnbu) 

Vhe(I) 

data set, as follows: 

More universally expressed, the normalized 
detected voltage value V N is derived by dividing the 
local voltage amplitude sensed by the transmitting 
electrode (universally designated V TRflNS ) into the local 
voltage amplitude sensed by the other non- 
transmitting, sense-only electrode (universally 



Vn = V SENSE 

VjSANS 

designated V SENSE ) , or: 
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Applying this more universal expression, the 
navigation unit 20 can obtain electrical field data 
by coupling the oscillator 28 to any roving electrode 
RE ( j ) to generate the electric field between it and 
5 the indifferent electrode 60. Alternatively, another 
roving electrode RE (j ) not serving to transmit the 
energy field, or one of the navigation electrodes 
NE(i), can serve as the voltage return. In this 
alternative implementation, the data acquisition 

10 module 3 8 individually conditions a selected 
navigation electrode NE(i) (or, in sequence, several 
navigation electrodes) to sense a local voltage 
amplitude Vma) , which corresponds to the quantity 
Vsense in Equation (3) . The data acquisition module 38 

15 also conditions the transmitting roving electrode 
RE ( j ) to itself sense a local voltage amplitude V RE( j) 
at the same time V NE(i) is sensed by each navigation 
electrode NE(i), which corresponds to the quantity 
Vtrans in Equation (3) . 

20 In this arrangement, the algorithm 66 derives a 

normalized detected voltage value V N(i ,j) for each 



V RE(j) 

acquired V RE( j ) and V NE <i) data set, as follows: 

The algorithm 66 (see Fig. 2) incorporates a 
voltage-to-distance function 72, according to which 
25 the normalized voltage V N (i.e., V SEN se/V T rans) decays to 
zero as the distance between the sensing electrode 
(E s ) and the transmitting electrode (E T ) [or d(E s -E T )] 
increases . 
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The voltage-to-distance function 72 relating 
normalized voltage V N to the navigation output d(E s - 
Er) , can be mathematically expressed, e.g., as 

V N - f(Ai, Ai.-. A„ ,d(Es- Et)) 
follows : 

5 in Equation (5) , f is a continuous, monotonically 

decreasing function. The quantities \x. to . x are 
coefficients and weighing factors, which can be 
determined and assigned values experimentally, e.g., 
by in vitro or in vivo testing or by finite element 
10 analysis. 

Because the function f is continuous and 
monotone, the navigation output d(E s -E T ) can itself be 
expressed as a unique inverse function f" 1 of the 
normalized voltage V M , as well as inverse 
coefficients and weighing factors y y . to . a , e.g., as 



15 



d(E s -Er)=r'(r,.r } r y .v N ) 

follows: 

The inverse function f 1 of Equation (6) can be 
approximated using various numeric methods. For 
example, approximation by Taylor series could be 
20 used . 

Applying the inverse function f" 1 based upon 
sensed electrical conditions in the field, the 
navigation algorithm 66 generates the navigation 
output 70, which expresses d(E s -E T ) . 

In addition to the empiric voltage-to-distance 
function 72, the navigation algorithm 66 can apply 
other empiric functions 74 (see Fig. 2) which include 
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coefficients and weighing factors expressing 
relationships between distance and the spacial 
distribution of voltage gradients sensed in the field 
64. For example, the navigation algorithm 66 can 
5 include in the generation of the navigation output 70 
the application of coefficients and weighing factors 
relating changes in position to variations in phase 
sensed in the field, as disclosed in copending Patent 
Application Serial No. 08/320,301, filed October 11, 

10 1994, and entitled "Systems and Methods for Guiding 
Movable Electrode Elements Within Multiple Electrode 
Structures." As another example, the navigation 
algorithm 74 can also include in the generation of 
the navigation output 70 the application of 

15 coefficients and weighing factors relating changes in 
position to variations in waveform sensed in the 
field, as disclosed in copending Patent Application 
Serial No. 08/745,795, filed November 8, 19.96, and 
entitled "Systems and Methods for Locating and 

20 Guiding Operating Elements Within Interior Body 
Regions." Further discussion of these alternative 
functions 74 will appear later. 

b. The Calibration Mode 
Empiric voltage-to-distance functions 72 or 

25 empiric voltage gradient-to-distance functions 74, as 
above discussed, can introduce procedure- specif ic and 
patient-specific errors, e.g., due to physical and 
electrical differences in electrodes, as well as 
differences the thoracic morphology or each patient. 

30 To minimize these errors, the navigation unit 20 
includes a calibration element 76 (see Fig. 2) . 
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The calibration element 76 can be called into 
operation, e.g., at the outset of a diagnostic or 
therapeutic procedure. Operating in a calibration 
mode, the calibration element 76 acquires voltage 
amplitude information and iteratively adjusts the 
coefficients and weighing factors in the voltage- or 
voltage gradient-to-distance functions 72 and 74 of 
the navigation algorithm 66, to more closely reflect 
actual, as opposed to theoretical, conditions. 

In the illustrated embodiment, four roving 
electrodes are shown as RE(1) (the main marker 
electrode), RE(2), RE(3), and RE(4). As before 
disclosed, the spacing among the roving electrodes 
RE(1, 2, 3, 4) is set during manufacture and is 
15 known. As Fig. 2 shows, the calibration element 76 
includes an input 78 for receiving the established 
spacing values among the main marker electrode RE(1) 
and the other roving electrodes RE (2, 3, 4) . 

For purpose of illustration, these set spacing 
values can.be designated d(E2-El), denoting the 
spacing between RE(1) and RE(2); d(E3-El), denoting 
the spacing between RE{1) and RE (3); and d(E4- 
El) denoting the spacing between RE(1) and RE (4). The 
input 78 can, for example, comprise a keyboard, which 
the physician uses to manually input the spacing 
values d(E2-El), d(E3-El), and d(E4-El) , based upon 
values provided with the operating instructions for 
instrument 14 . 

In the illustrated embodiment, the instrument 14 
includes a coded component 80. The coded component 
80 carries an identification code, which uniquely 
identifies selected physical properties of the 
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instrument 14, including the spacing values for the 
roving electrodes RE(j) it carries. The coded 
component 80 can be located, e.g., within a handle 
(not shown) attached at the proximal end of the 
5 catheter tube 18 that carries the operative element 
16. 

The coded component 80 can, for example, take the 
form of ari integrated circuit, which expresses in 
digital form the code for input in ROM chips, EPROM 

10 chips, RAM chips, resistors, capacitors, programmed 
logic devices (PLD's), or diodes. Examples of 
catheter identification techniques of this type are 
shown in Jackson et al . United States Patent 
5,383,874, which is incorporated herein by reference. 

15 Alternatively, the coded component 80 can comprise 
several resistors having different resistance values. 
The different independent resistance values express 
the digits of the code 

The calibration element 76 includes an 

20 interpreter 84, which automatically inputs the code 
when- the instrument 14 is coupled to the input 78. 
The interpreter 84 compares the input code to, for 
example, a preestablished master table of codes 
contained in memory. The master table lists, for 

25 each code, the physical characteristics of the 
instrument 14, including the spacing values d(E2-El), 
d(E3-El) , and d(E4-El) . 

The spacing values d(E2-El), d(E3-El), and d(E4- 
El) are communicated to a calibration algorithm 86. 

30 The algorithm 86 forms a system of equations based 
upon the voltage-to-distance function 72, such as in 
preceding Equation (6), e.g., as follows: 
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V £ 

where j = 2-to-m (in the illustrated embodiment, m = 
4) . 

Under command of the host processor 30 during the 
calibration mode, the data acquisition module 38 
5 conditions the main marker electrode RE(1) to 
transmit electrical energy to the indifferent 
electrode 60, thereby establishing an electrical 
field 64. The data acquisition module 38 also 
conditions the main marker electrode RE(1) to sense a 

10 local voltage amplitude V„ (1) . At the same time, the 
data acquisition module 38 individually conditions 
the other roving electrodes RE(2), RE(3), and RE(4) 
to sense local voltage amplitudes, respectively V RE( j,, 
where j=2-to-4, or V RE(2) , V„ i3) , and V RE{4) . The data 

15 acquisition module 38 acquires the sensed local 
voltage amplitudes V E(2) , V W3) , and V„ C4 ) . * The 
calibration algorithm 86 derives the normalized 
detected voltage values V N(2) (or V RE{2) /V RE(1) ) ; V N(3) (or 
Vreoj/Vreuj) ;and V N(4) (or V RE(4) /V RE(1) ) . 

20 The calibration algorithm 86 optimizes the 

coefficients y 1 . zo . y in the Equation (7) at each 
normalized voltage value V N(2) ; V N(3) ; and V N(3) to yield 
a navigation output 70 which equals or approaches the 
actual spacing values d(E2-El), d(E3-El), and d(E4- 

25 El) . In the illustrated embodiment, the optimization 
yields, for each normalized voltage V N(2) ,V N ( 3) , and 
V N(4) , the least square error between the calculated 
distance (i.e., the navigation output 70) and the 
known spacing distance. 
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Various conventional optimization techniques can 
be used, e.g., steepest descent, least -mean- squares, 
or least -recursive squares. By way of example, if 
8(Ej-Ei) is assigned to represent the known spacing 

fj=(6(E r Ei)-d(ErEi)f 

5 value (j = 2-to-4) , then the quantity: 

represents the square errors that must be minimized. 
When best optimized in the illustrated embodiment, 
these errors will equal zero for j = 2-to-4. The 
calibration algorithm 86 numerically adjusts, in 

10 predetermined increments or decrements, the 
coefficients Yi-to-y of Equation (7) about their 

d Jl 

original values so that the derivatives: 

are minimized for j = 2-to-4 and k = 1 to y (where y 
15 is the number of coefficients or weighing factors the 
function incorporates) . For £i to reach their minima, 
the derivatives (Equation (9)) should theoretically 
be or at least approach zero. 

The predetermined increments and decrements 
20 define the resolution of the search for the optimal 
solution. If the increment and decrement values are 
small, the solution will be more precise, but will 
take longer to perform. The speed and processing 
capabilities of the host processor 30 and the desired 
25 degree of accuracy govern the selection of the 
increment and decrement values . 



W ° 99/52430 PCI7US99/07679 



- 22 



10 



Once the coefficients yi . tp . y are optimized, the 
calibration mode is complete. The optimized 

coefficients Yi- to - y are retained in Equation (6) for 
subsequent calculations of the navigation output 70 
by the navigation algorithm 66 . 

When the electric field is to be sensed by one or 
more roving electrodes to generate the navigation 
output 70, as in the foregoing discussion, an 
alternative calibration mode can be employed, which 
commands the data acquisition module 38 to condition 
a navigation electrode, e.g., NE (i) (and not a roving 
electrode) , to transmit electrical energy to the 
indifferent electrode 60, while also conditioning the 
same navigation electrode NE (i) to sense a local 
15 voltage amplitude v„ (1 , . In this alternative 
calibration mode, the data acquisition module 38 
individually conditions the roving electrodes RE(1), 
RE(2), RE(3), and RE(4) to sense local . voltage 
amplitudes, respectively V RE(i) , where j=l-to-4, or 
20 Vreh), V re( 2), V RE(3)< and Vr^, . The data acquisition 
module 38 acquires the sensed local voltage 
amplitudes V^n-to-*) . The calibration algorithm 86 
derives the normalized detected voltage values V H(1) 
(or Vreu, /Vn E(1 )); V h(2) (or Vkb< 2 ) /V ne(1) ); v n(3) (or 
25 Vreoj/Vheu)) ; and V H(4) (or V^^/v^u ) . Since the 
spacing values for the roving electrodes RE(j) are 
known, the calibration algorithm 86 can optimize the 
coefficients yi . to . y in the Equation (7) at each 
normalized voltage value V N(1); v N(2) ; v N(3 , ;and V N(3) to 
yield a navigation output 70 which corresponds to the 
actual spacing values for the roving electrodes. 
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In an alternative navigation embodiment earlier 
discussed, the navigation output 70 is generated by 
sensing the electrical field by one or more 
navigation electrodes (instead of by one or more of 
5 the roving electrodes) . With this alternative 

embodiment, the calibration mode commands the data 
acquisition module 38 to condition a navigation 
electrode, e.g., NE(1), to transmit electrical energy 
to the indifferent electrode 60, while also 

10 conditioning the same navigation electrode NE(1) to 
sense a local voltage amplitude V NE(1) . In this 
alternative calibration mode, the data acquisition 
module 38 individually conditions the other 
navigation electrodes NE(2), NE(3), NE(4), and NE(5) 

15 to sense local voltage amplitudes, respectively V NE <i>, 
where I=2-to-5, or V NE{2 ), Vneo), V ne < 4) , and V NE(5 ) . The 
data acquisition module 3 8 acquires the sensed local 
voltage amplitudes V NE(2 - to -5) • The calibration algorithm 
86 derives the normalized detected voltage values V N <2) 

20 < (or V NE(2 ) /Vneu)) ;V n(3 j (or V miz) /V m{1) ) ; V N(4) (or 
V NE ( 4 )/V NE(1) ) , and V M <5) (or V NE(5 )/V NEa » ) . Since the 
spacing values for the navigation electrodes NE(i) 
are known, the calibration algorithm 86 can optimize 
the coefficients Yi-to-y in the Equation (7) at each 

25 normalized voltage value V N < 2 > / V N(3 ) ;and V N ( 3 ) to yield 
a navigation output 70 which corresponds to the 
actual spacing values for the navigation electrodes. 

When the navigation output 70 is generated by 
sensing the electric field using one or more 

30 navigation electrodes, an alternative calibration 
mode can be used, which commands the data acquisition 
module 38 to condition a roving electrode, e.g., 
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RE(1). to transmit electrical energy to the 
indifferent electrode 60, while also conditioning the 
same roving electrode RE(1) to sense a local voltage 
amplitude V^n) • At the same time, the data 
acquisition module 38 individually conditions the 
navigation electrodes NE(1), NE(2), NE(3), NE(4)and 
NE(5) to sense local voltage amplitudes, respectively 
Vneu,, where i=l-to-5, or V Mli Vme(2)> Vne(3) , V mw , and 
Vneis). The data acquisition module 38 acquires the 
sensed local voltage amplitudes V m(l . to . s) . The 
calibration algorithm 86 derives the normalized 
detected voltage values V N(1) (or V„ (1) /V RE(1) ) ; v N(2) 
(or V NE(2) /Vre,!,); v N(3 , (or V^/V^u) ) ; V N(4) (or 
Vneuj/Vreu)) , and V N(S , (or V mis} /V ma) ) . since the 
spacing values for the navigation electrodes NE(i) 
are known, the calibration algorithm 86 can optimize 
the coefficients 7l . to . y in the Equation (7) at each 
normalized voltage value V N(2) ; V M(3 , ; V NU); and V N(SI to 
yield a navigation output 70 which corresponds to the 
actual spacing values for the navigation electrodes. 

As the foregoing discussion demonstrates, the 
navigation output 70 can be generated either by 
sensing using one or more of the roving electrodes or 
by sensing using one or more of the navigation 
electrodes. The calibration mode can be accomplished 
in four alternative ways, depending upon the 
methodology used for generating the navigation 
output. The four calibration modes are summarized in 
the following table: 
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The coefficients can also be optimized based on 
other types of electric field informat ion. For 
example, in an alternative embodiment, the 
5 calibration algorithm can optimize the coefficients 
by comparing voltages sensed at individual navigation 
or roving electrodes to the voltage V N expected to be 
sensed, based upon the empiric voltage-to-distance 
function 72, i.e., Equation (5). This alternative 

10 calibration embodiment relies upon sensed individual 
voltages, and skips the derivational step of 
converting pairs of sensed voltages to spacing 
distances. In this embodiment, the calibration 
algorithm optimizes the coefficients by increments or 

15 decrements, using one of the already-described 
techniques, to bring the difference between sensed 
voltage and empiric expected voltage at individual 
electrodes to zero, or at least approaching zero. As 
in the first-described calibration mode, once the 

20 coefficients are optimized, they are retained by the 
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navigation algorithm 70 for subsequent calculations 
of the navigation output 70. 

Furthermore, the calibration mode need not be 
accomplished by transmitting and sensing in a single 
5 energy field at the same point in time. A succession 
of energy fields, which are transmitted and sensed at 
different points in time, can be used for calibration 
purposes. A voltage difference between electrodes can 
be acquired, e.g., (i) by sensing, at a first point 

10 in time, a first voltage in an electrical field using 
a first navigation or roving electrode, (ii) by 
sensing at a second navigation or roving electrode, a 
second voltage in an electrical field generated at a 
later or earlier point in time, (iii) calculating an 

15 electrode spacing distance based upon the time -spaced 
voltage differentials, and (iv) comparing the 
calculated electrode spacing distance to the actual 
spacing distance, while optimizing the coefficients, 
in the manner already described. 

20 C. Expressing the Navigation Output 

The specific expression of the navigation output 
70 can vary. 

1. Proximity- Indicating Output 

In one embodiment (see Fig. 3), the coefficients 
25 Yi-tp-y convert the normalized voltage amplitude to 
express the navigation output 70 as a voltage value 
(Vnavigation output) • The navigation unit 20 includes a 
comparator 92, which receives as input the navigation 
voltage value. The comparator also receives as input 
30 a set line voltage 94, which constitutes a 
predetermined nominal voltage threshold value Vthresh. 
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The comparator 92 compares the magnitude of voltage 
of the navigation output to the magnitude of Vthresh. 

The predetermined nominal voltage threshold value 
Vthresh is selected according to an empirical voltage- 
5 to-distance function to establish a nominal 
separation distance between the marker electrode 
RE(1) and a given navigation electrode NE(i) . The 
threshold voltage value Vthresh serves to differentiate 
between a "close condition" between the marker 
10 electrode RE(1) and the given navigation electrode 
NE(i)(i.e., equal to or less than the nominal 
distance) and a "far condition" between the marker 
electrode RE(1) and a given navigation electrode 
NE(i) (i.e., greater than the nominal distance) . 
15 If tne voltage of the navigation output d(E s -E T ) 

is greater than or equal to Vthresh, the comparator 
generates a proximity- indicating output, also 
designed P (i) , for the navigation electrode NE(i). The 
proximity- indicated output P (i) for a given navigation 
20 electrode NE(i) notifies the physician that the 
requisite "close condition" exists between the marker 
electrode RE(1) "and the particular navigation 
electrode NE (i) . 

When the voltage of navigation output d(E s -E T ) is 
25 less than Vthresh, the comparator generates no output 
for the navigation electrode NE (i) . The absence of a 
proximity- indicating output P (i) for a particular 
navigation electrode P(i) notifies the physician that 
the requisite default "far condition" exists between 
30 the marker electrode RE(1) and the particular 
navigation electrode NE(i) . 
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The magnitude selected for the threshold value 
Vthresh sets the spacial criteria for M close condition" 
and "far condition," given the physical 
characteristics of the marker electrode RE(1) and the 
5 physical characteristics of the navigation electrodes 
NE(i) . The physical characteristics include the 
diameter and shape of the electrodes, as well as the 
electrical conductivity of the material or materials 
from which the electrodes are made and the electrical 
10 properties of the conductive medium existing between 
the marker electrode RE(1) and the navigation 
electrode NE(i) (for example, a blood pool or tissue 
mass) . 

The value of V TH resh can be set at a desired fixed 

15 voltage value representing a nominal threshold 
distance. In the illustrated and preferred embodiment 
(see Fig. 3) , the navigation unit 20 includes an 
input 96 by which the physician can designate a value 
for the nominal distance. For example, the physician 

20 can designate the nominal distance within a range of 
distances of, e.g., 1 mm to 5 mm. The navigation 
unit 20 can include a look-up table or its 
equivalent, which expresses the empirically 
determined relationship between voltage and distance. 

25 Using the table, the navigation unit 20 converts the 
distance value entered by input to a corresponding 
normalized voltage value, which constitutes Vthresh - 
The navigation unit 20 also includes a voltage 
regulator 98, which sets the voltage line input 94 to 

30 the normalized voltage value (V TH resh) , to thereby 
achieve the spacial sensitivity established by the 
physician for the proximity- indicating output P (i) . 
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Further details of this manner of proximity 
sensing can be found in copending Patent Application 
Serial No. 08/938,296, filed September 26,1997, and 
entitled "Systems and Methods for Generating 
Proximity- Indicating Output for Locating and Guiding 
Operative Elements within Interior Body Regions." 

2 . Three-Dimensional Navigation 
Output (Differential Phase 
Analyses) 

The navigation unit 20 can also sense other 
electrical characteristics of the field 64 to assess 
three-dimensional directional information regarding 
the orientation of the marker electrode RE(1) 
relative to one or more navigation reference probes 



15 22 



For example, the phase and peak amplitude input 
signal 88 (see Fig. l) generated by the data 
acquisition unit 38 can also be processed by the 
navigation algorithm 66 to indicate the location of 
the marker electrode RE(l) horizontally above or 
below the navigation reference probe 22, or 
horizontally to the left or to the right of a given 
navigation electrode NE(i). 

If the switched-on navigation electrodes NE(i) 
are located above the position of the marker 
electrode RE(1), the output voltage signal of the 
amplifier 4 0 will be out of phase with respect to the 
phase of the oscillator 58 (which is sensed at the 
switched-on navigation electrode NE ( i ) ) ; that is, 
analog signal received by the sample and hold element 
54 will have a (-) sign. Conversely, if the switched- 
on navigation electrodes NE(i) are located below the 
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position of the marker electrode RE(1), the output 
voltage signal of the amplifier 4 0 will be in phase 
with respect to the phase of the oscillator 58. 

Using empiric coefficients and weighing factors, 
5 the navigation algorithm 66 determines where the 
output of the peak detector 50 changes sign, by 
turning from (-) to ( + ) or vice versa. This 
transition point fixes the horizontal up or down 
orientation of the marker electrode RE(1) relative to 

10 the navigation reference probe 22 . 

Similarly, the synchronization of the phase of 
the output voltage signal of the amplifier 40 with 
the phase of the oscillator 28 along the axis of the 
navigation reference probe 22 indicates whether the 

15 marker electrode RE(1) is horizontally to the left or 
right of a given navigation electrode NE(i) . A 
differential phase comparison will yield an out -of - 
phase condition when the marker electrode RE(1) is 
not longitudinally oriented with respect to a given 

20 navigation electrode NE(i) . Conversely, the 
differential phase analysis will yield an in-phase 
condition when the marker electrode RE(1) is oriented 
within an iso-potential surface that the switched-on 
navigation electrode NE(i) transmits. The 

25 synchronization of the phase thus indicates whether 
the marker electrode RE(1) is horizontally to the 
left or right of the iso-potential surface associated 
with a given navigation electrode NE(i) . 

Like the AC voltage signal 46, the peak amplitude 

30 detected by the detector 50 will also vary according 
to the proximity of the selected navigation electrode 
NE ( i ) to the marker electrode RE(1). 
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Sensing multiple electrical field parameters 
provides three-dimensional navigational output, with 
coordinate factors expressing horizontally above or 
below orientation, left or right orientation, and 
5 radial close or far orientation. Further details can 
be found in copending Patent Application Serial No. 
08/320,301, filed October 11, 1994, and entitled 
"Systems and Methods for Guiding Movable Electrode 
Elements Within Multiple Electrode Structures." 
10 3 - Three-Dimensional Navigation 

Output (Differential Waveform 
Analyses) 

As another example, the data acquisition module 
38 can be commanded by the host processor 30 to 

15 provide waveform data sensed by the marker electrode 
RE(1), as well as waveform data sensed by each 
switch-on navigation electrode NE(i). Applying 
empiric coefficients and weighing factors, the 
navigation algorithm 66 processes waveform data to 

20 differentially assess the phase of the waveforms. 

The differential waveform comparison will yield 
an out-of-phase condition when the marker electrode 
RE(l) is not longitudinally oriented with respect to 
a given navigation electrode NE(i). Conversely, the 

25 differential waveform analysis will yield an in-phase 
condition when the marker electrode RE(1) is oriented 
within an iso-potential surface that the switched-on 
navigation electrode NE(i) transmits. The 
synchronization of the waveform this indicates 

30 whether the marker electrode RE(1) is horizontally to 
the left or right of a given navigation electrode 
NE(i) . 
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Further details of this analysis can be found 
disclosed in copending Patent Application Serial No. 
08/745,795, filed November 8, 1996, and entitled 
"Systems and Methods for Locating and Guiding 
5 Operating Elements Within Interior Body Regions." 

4. Multiple Navigation Marker 
Probes 

Fig. 4 shows a representative implementation of a 
three-dimensional navigation system 200, which 

10 includes three navigation reference probes 2 04, 206, 
and 2 08 positioned within an interior body region R. 
Each probe 204, 206, and 208 carries an array of 
navigation electrodes NE(i), as already described. 

An operative element 202 is deployed for movement 

15 within the region R. The operative element 202 
carries a marker electrode RE(1), as well as two 
calibration electrodes RE (2) and RE (3), as already 
described. 

The navigation electrodes NE(i) and roving 
20 electrodes RE ( j ) are coupled to the navigation unit 
20, in the same fashion shown in Fig. 1. In the 
manner previously described, controlled by the 
navigation unit 20, the navigation . electrodes NE(i) 
transmit an electrical field F. Also under the 
25 control of the navigation unit 20, the navigation 
electrodes NE(i) and the marker electrode RE(1) sense 
differential electrical conditions in the field. 
After sensed electrical field conditions are 
processes, the navigation unit 2 0 provide a 
30 navigation output 70 for locating the operative 
element 202. 
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As shown in Fig. 4, the three reference probes 
204, 206, and 208 are purposely situated within the 
region R to provide spaced-apart navigational points 
for locating the operative element 202. Furthermore, 
5 the probes 204, 206, and 208 are preferably located 
at different coordinate planes, so that the probe 
axes extend in mutually nonparallel relationships, to 
create a three-dimensional navigational grid and make 
triangulation possible. 
10 The probes 204, 206, and 208 can be individually 

placed at or near known anatomic regions within the 
region R, using, for example, fluoroscopy or another 
imaging technology, such as ultrasound. It should be 
appreciated that a single locating probe or multiple 
15 locating probes may be positioned essentially in any 
region within the region R or in contact with tissue 
or a vascular region surrounding the region R for 
purposes of establishing navigational points of 
reference to locate the operative element 202. Any 
20 region of placement with the body that can be imaged 
by fluoroscopic or other imaging technology can be 
selected as a potential navigational site. The 
region of placement therefore does not have to 
represent a particular fixed anatomic site. A 
25 navigation probe may even be placed outside the 
patient's body. 

The acquisition and processing of sensed 
electrical signal data within the field F using the 
system 200 of multiple navigation electrodes NE(i) 
30 located within the space S provide a robust, three- 
dimensional navigation output 70. 

D. Displaying the Navigation Output 
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In the illustrated embodiment (see Figs. 1 and 
5) , the system 10 includes an output display device 
90 coupled to host processor 30 to present the 
navigation output 70. The display device 90 may 
5 present the navigation output 70 in various ways. 

For example, in the illustrated embodiment (see 
Fig. 5) , the device 90 presents the presence or 
absence of proximity- indicating outputs P(d 
(previously described) in a visual or graphic format 

10 useful to the physician for remotely locating and 
guiding the operative instrument 14 relative to the 
navigation reference probe 22 or probes. 

As Fig. 5 shows, the output display device 90 can 
comprise a Graphical User Interface (GUI) 98. In the 

15 illustrated embodiment, the GUI 98 is implemented by 
a graphical control program 100 resident in an 
external microprocessor based computer control, such 
as a laptop computer 164 having a keyboard 166, a 
display screen 168, and mouse 170. The laptop 

20 computer 164 is coupled to the host processor 3 0 via 
a communication port 172, such as RS 232 or an 
Ethernet™ connection. 

The host processor 3 0 conditions the GUI 
graphical control program 100 to generate on the 

25 display screen 168 an idealized graphical image 174, 
which models the geometry of the particular 
navigational probe 22 or probes deployed in the body 
region 12 . The image 174 of the navigation probe can 
appear, e.g., as a modeled wire-frame image, with the 

30 navigation electrodes NE(i) spatially arranged and 
appearing as nodes 180. 
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The GUI control program 100 initializes the nodes 
180 on the model image 174 at a designated color or 
shade. The initialized color or shade for a given 
node 180 constitutes a visual signal to the 
5 physician, that the operative instrument 14 (and, in 
particular, the marker electrode RE(1)) is at a "far 
condition' 7 relative to the associated navigation 
electrode. 

The proximity- indicating output P (i) generated by 
10 the navigation algorithm 66 for a given, navigation 
electrode NE(i) is transmitted to the control program 
100. The control program 100 switches "ON" the node 
180 marking the location of the given navigation 
electrode NE(i) in the image 174, by changing the 
15 designated color or shade (as Fig. 5 shows) . The 
node 180, when switched "ON," displays a different 
color or shade, e.g., green, to visually signal the 
physician that the operative instrument 14 is in a 
"Close Condition" relative to the corresponding 
20 navigation electrode NE. 

The foregoing GUI 98 and implementing control 
programs can be implemented using the MS WINDOWS™ 
application and the standard controls provided by the 
WINDOWS™ Development Kit, along with conventional 
25 graphics software disclosed in public literature. 
Other details of the GUI 98 can be found in copending 
patent application Serial No. 08/938, 721 , filed 
September 26, 1997, and entitled "Systems and Methods 
for Generating Images of Structures Deployed Within 
30 Interior Body Regions . " . 

Various features of the invention are set forth 
in the following claims. 
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What is Claimed: 

1. A calibrated system for locating a roving 
structure inside a body region by use of an electric 
field established inside the body region between an 
electrical energy transmitting electrode and an 
electrical reference, comprising: 

first and second electrodes spaced apart in the 
electric field by a known distance, 

a processing element which derives a 
navigational output for the roving structure based 
upon a function, wherein the function expresses a 
relationship between an electrical characteristic 
sensed at the roving structure and distance between 
the roving structure and the electrical energy 
transmitting electrode, and 

a calibration element which adjusts the function 
by comparing the known distance to at least one 
derived navigation output derived by the processing 
element based upon the function by sensing an 
electrical characteristic at the first and second 
electrodes . 

2. A calibrated system according to claim 1, 
wherein the roving structure carries the first 

and second electrodes. 

3. A calibrated system according to claim 2, 
wherein one of the first and second electrodes 

comprises the electrical energy transmitting 
electrode. 
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4. A calibrated system according to claim 2, 
wherein the roving structure includes a code 

identifying the known distance, and 

wherein the calibration element includes an 
input to upload the code. 

5. A calibrated system according to claim 1, 
further comprising a navigation structure, separate 
from the roving structure, wherein the navigation 
structure carries the first and second electrodes. 

6. A calibrated system according to claim 5, 
wherein one of the first and second electrodes 

comprises the electrical energy transmitting 
electrode . 

7. A calibrated system according to claim 5, 
wherein the navigation structure includes a code 

identifying the known distance, and 

wherein the calibration element includes an 
input to upload the code. 

8. A calibrated system according to claim 1, 
wherein the function comprises a voltage-to- 
distance function. 

9. A calibrated system according to claim 1, 
wherein the function comprises a voltage 

gradient-to-distance function. 

10. A calibrated system according to claim 1,. 



WO 99/52430 



PCT/US99/07679 



- 39 - 

. wherein the function comprises an impedance-to- 
distance function. 

11. A calibrated system according to claim 1, 
wherein the function comprises a coefficient 

that is adjusted based upon a comparison of the 
derived navigation output and the known distance. 

12. A calibrated system according to claim 1, 
wherein the function includes a coefficient that 

is optimized based upon a comparison of the derived 
navigation output and the known distance. 

13. A calibrated System according to claim 1, 
wherein the function includes a coefficient, and 

wherein the calibration element iteratively adjusts 
the coefficient in predetermined increments or 
decrements to minimize deviation between the derived 
navigation output and the known distance. 

14. A calibrated system according to claim 1, 
wherein the processing element drives a 

normalized electrical characteristic by dividing the 
electrical characteristic sensed by either one of the 
first and second electrodes by a corresponding 
electrical characteristic sensed by the electrical 
energy transmitting electrode, and 

wherein the function expresses a relationship 
between the normalized electrical characteristic and 
distance between the one electrode and the electrical 
energy transmitting electrode. 
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15. A calibrated system according to claim 1, 
wherein the processing element drives a 

normalized electrical characteristic by dividing the 
electrical characteristic sensed by either one of the 
first and second electrodes by a corresponding 
electrical characteristic sensed by the electrical 
energy transmitting electrode, and 

wherein the function expresses a relationship 
between the normalized electrical characteristic and 
distance between the one electrode and the electrical 
energy transmitting electrode. 

16. A calibrated system according to claim 1, 
wherein the processing element generates a 

proximity- indicating output based upon variance 
between the navigation output and a threshold value. 

17. A calibrated system according to claim 1, 
further comprising a device for displaying the 
navigation output. 
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